Motivation: A range of membrane protein modeling tools has been developed in the past 5-10 years, yet few of these tools are integrated and make use of existing functionality for soluble proteins. To extend existing methods in the Rosetta biomolecular modeling suite for membrane proteins, we recently implemented RosettaMP, a general framework for membrane protein modeling. While RosettaMP facilitates implementation of new methods, addressing real-world biological problems also requires a set of accessory tools that are used to carry out standard modeling tasks. Results: Here, we present six modeling tools, including de novo prediction of single trans-membrane helices, making mutations and refining the structure with different amounts of flexibility, transforming a protein into membrane coordinates and optimizing its embedding, computing a Rosetta energy score, and visualizing the protein in the membrane bilayer. We present these methods with complete protocol captures that allow non-expert modelers to carry out the computations. Availability and Implementation: The presented tools are part of the Rosetta software suite, available at www.rosettacommons.org.
Introduction
Membrane proteins are involved in a variety of essential cellular functions, comprise about 30% of gene products (Tan et al., 2008) , and are targeted by over 50% of drugs on the market (Bakheet and Doig, 2009; Overington et al., 2006) . They are extremely difficult to study by experimental methodologies, which is highlighted by the limited number of structures in the Protein Data Bank (PDB), amounting to only 2% (Rose et al., 2013) of deposited structures. Computational structure prediction, modeling and design are therefore critical in facilitating our understanding of membrane protein structure and function (Koehler Leman et al., 2015) .
The number of membrane protein prediction tools is on the rise and the quality of these tools increases in accordance with the database size of membrane protein structures for derivation and testing.
Most of these methods are stand-alone tools that require their own implementation of membrane-specific score functions and representation of the membrane bilayer. Further, the user is required to become familiar with each tool, its prediction accuracies and file format conversions. In contrast, adapting existing soluble protein tools for membrane proteins has enormous merit in the development of new computational approaches.
One extensive tool for structure prediction, docking and design is the software suite Rosetta (Leaver-Fay et al., 2011) . In addition to the variety of prediction tools that are readily available for biomolecular modeling, Rosetta also includes widely tested energy functions for soluble environments, which are a combination of knowledge-based and physics-based terms (Leaver-Fay et al., 2013) . Rosetta is further used for large-scale, highly parallel, highthroughput applications. It is developed by a consortium of (Fig. 1) .
We recently created an implementation of a general platform for membrane protein modeling in Rosetta, termed RosettaMP (Alford et al., 2015) . This framework includes a representation of the membrane bilayer and connects to the previously established high-and low-resolution score functions for the hydrophobic environment in the membrane (Barth et al., 2007; Yarov-Yarovoy et al., 2006 , 2012 . We further showed that RosettaMP can be combined with existing Rosetta applications to create new protocols for membrane protein modeling, for instance for high-resolution refinement, prediction of free energy changes upon mutation, protein-protein docking and assembly of symmetric complexes (Alford et al., 2015) . Even though the implementation of completely novel protocols is simplified, the development of modeling methods with high predictive power requires thorough testing, analysis and verification of prediction accuracies against existing or similar methods. This process is time-consuming and laborious. In addition to creating complex, novel applications that require careful testing and benchmarking, modeling membrane proteins for biological applications also requires a number of smaller, 'standard' applications that are not completely novel tools, yet are necessary and extremely useful for biomolecular modeling.
Here, we describe six membrane protein modeling tools that were implemented in Rosetta. They expand Rosetta's existing toolset for membrane protein modeling and are useful and of general interest for a variety of modeling problems applied to biological systems. We provide complete protocols with specific command lines that allow researchers without extensive modeling background to carry out these computations. The applications are either new implementations of well-known modeling problems or were previously inaccessible to the user in this form. The membrane score functions used for these protocols were described previously (Alford et al., 2015; Barth et al., 2007; Yarov-Yarovoy et al., 2006 , 2012 and unless otherwise noted, the applications use the high-resolution membrane score function mpframework_smooth_fa_2012.wts.
In addition to describing the setup of Rosetta and the preparation of input files, we illustrate how to (i) create a (transmembrane) helix from an amino acid sequence without the use of peptide fragments, (ii) transform a protein structure into the membrane coordinate frame and (iii) create a Rosetta span file from a known structure. We further explain how to (iv) make mutations in a known structure, (v) compute an energy score in the membrane bilayer and (vi) visualize the protein in the membrane.
Methods
Here we introduce six tools for membrane protein modeling in Rosetta with complete protocol captures, which are described in Fig. 1 . RosettaMP tools are described in detail in the Supplementary Material. The provided protocol captures contain complete command lines that allow nonexperts to use these modeling tools. The names of the executables are given in red in the center at the bottom and the numbers correspond to the section numbering in the Supplement: (1) de novo modeling of a single transmembrane helix, (2) transformation of a membrane protein into the membrane coordinate frame, (3) creation of a span file from the protein structure, (4) residue mutation with various amounts of protein flexibility, (5) computation of an energy score and visualization of clashes, (6) visualization of the protein in the membrane bilayer detail in the Supplementary Material and online at https://www. rosettacommons.org/demos/latest/demos-by-category#protocol-cap tures_membranes or http://juliakoehlerleman.blogspot.com/p/tutor ials-protocol-captures.html. These tutorials allow non-expert modelers to carry out a variety of modeling tasks. We further provide additional scripts to validate and visualize many of the features presented.
1. A single trans-membrane helix can now be easily modeled de novo from sequence alone without the need for fragment insertion. In conjunction with high-resolution refinement, this is an ideal starting point for modeling single trans-membrane helix domains, allowing extension towards modeling full constructs of single trans-membrane span proteins when structures of intraand extracellular domains are known. 2. We present an application that allows simple transformation of a protein into the membrane coordinate frame. Protein embedding in the membrane can be further optimized using the highresolution membrane score function. During optimization, the method searches for an optimal position and orientation of the membrane along the membrane normal (z-axis) and four planes for an optimal normal vector; the outcome is deterministic. 3. We further present the creation of a spanning topology file which is required for the majority of membrane protein modeling applications in Rosetta. 4. In addition, we introduce a protocol to model mutations with different levels of backbone and side-chain flexibility, which will be useful to assess the effect of a mutation onto the protein structure. 5. The scoring method is one of the most basic, yet useful applications. The standard method scores a protein in a given coordinate frame. Optionally, the protein can be transformed into membrane coordinates and the protein embedding can be optimized before scoring. This tool is useful to analyze Rosetta output models and investigate differences between them. Per-residue scores in the PDB files are useful for more detailed analyses, and can be easily visualized with the provided script. 6. Visualizing the protein orientation with respect to the membrane is essential for examining and validating results. The three applications differ by input and task and can also be used to troubleshoot newly developed protocols created in PyRosetta (Chaudhury et al., 2010) or RosettaScripts (Fleishman et al., 2011) . One of the tools allows real-time visualization in PyMOL which is useful for making movies of Rosetta simulations.
Results and discussion
In this paper, we present six applications for membrane protein modeling in Rosetta. All protocols contain complete protocol captures (see Supplementary Material and https://www.rosettacom mons.org/demos/latest/demos-by-category#protocol-captures_mem branes or http://juliakoehlerleman.blogspot.com/p/tutorials-proto col-captures.html) increasing the usability of these methods for nonexpert modelers and broadening the user-base of Rosetta protocols in the scientific community. Most of the applications presented here address standard modeling problems that are indispensable for tackling biological questions involving membrane proteins. These tools are best used in conjunction with major modeling protocols to address real-world scientific questions.
Conclusion
We presented six accessory tools for membrane protein modeling and design in the RosettaMP framework, which can be used in conjunction with major modeling protocols, that include but are not limited to ones in the Rosetta software suite. To improve ease of use of these tools presented here, we provide complete command lines and protocol captures that will enable non-expert modelers to carry out these computations.
